Abstract. We report on the occurrence of dense plasma access to geosynchronous orbit. We performed a superposed epoch analysis of 1464 events of dense (>2 cm −3 at onset) plasma observed by the MPA instruments on board the Los Alamos satellites, for the period 1990-2002. The results allow us to study the temporal evolution of various plasma parameters as a function of local time. We show that dense plasma access to geosynchronous orbit mostly occurs near local midnight. This dense plasma population is shown to be freshly injected from the mid-tail region, colder than the typical plasma sheet and composed of a relatively small O + component. This population is thus probably the result of a cold, dense plasma sheet (CDPS) injection from the mid-tail region. Cold and dense ion populations are also observed on the dawnside of geosynchronous orbit at a similar epoch time. However, we demonstrate that this latter population is not the result of the dawnward transport of the population detected near midnight. The properties of this ion population may arise from the contribution of both ionospheric upflows and precipitating plasma sheet material. The correlation of an enhanced K p index with the arrival of the CDPS at geosynchronous orbit shows that the inward transport of this population is allowed by an enhanced magnetospheric convection. Surprisingly, this dense plasma does not, in general, lead to a stronger D st (ring current strength) within the 12 h following the CDPS injection. It is noted, however, that the superposed K p index returns to relatively low values soon after the arrival of the CDPS. This may suggest that the dense plasma is, given the average of the 1464 events of this study, only transiting through geosynchronous orbit without accessing the inner regions and, therefore, does not contribute to the ring current.
Introduction
The recurrent presence of unusually cold and dense plasma in the plasma sheet has been revealed by a number of studies Correspondence to: B. Lavraud lavraud@lanl.gov (e.g. Lennartsson and Shelley, 1986; Terasawa et al., 1997; Fujimoto et al., 1998; Phan et al., 2000) . Because of its composition, it has been attributed a solar wind origin (Lennartsson, 1992) . The formation of this cold, dense plasma sheet (CDPS) is strongly dependent on the interplanetary magnetic field (IMF) direction. It is usually observed after long periods of northward IMF (Terasawa et al., 1997) . Two main scenarios have been proposed to account for its formation: (1) solar wind plasma transport via the Kelvin-Helmholtz instability at the flank magnetopause (e.g. Terasawa et al., 1997; Fujimoto et al., 1998; Hasegawa et al., 2004) and (2) solar wind "direct" capture on newly-closed field lines at the dayside magnetopause, by a double tailward-of-the-cusp (high-latitude) reconnection of magnetosheath field lines, and subsequent convection down-tail (e.g. Song and Russell, 1992; Raeder et al., 1997; Øieroset et al., 2005) .
Geosynchronous spacecraft are located at the inner edge of the mid-tail plasma sheet and therefore constitute ideal tools for exploring the transport of CDPS populations to the inner magnetosphere. Thomsen et al. (2003) recently showed that the CDPS can access geosynchronous orbit when (1) a southward turning of the IMF occurs after a long interval of northward IMF or (2) a sudden solar wind pressure enhancement occurs during or just after a period of long-lasting northward IMF. Thomsen et al. (2003) suggested that the former scenario probably allows inward transport of the CDPS by restoring a strong, large-scale magnetospheric convection while the latter probably allows the observations of the CDPS as the result of a large compression of the magnetosphere.
In this study, we do not focus on the mechanisms leading to the formation of the CDPS. We aim to establish its bulk properties and, most specifically, its temporal evolution when observed at geosynchronous orbit. This is achieved by performing a superposed epoch analysis of various plasma parameters. The local time dependence of such dense plasma events, as well as their actual direct sources (LLBL, plasma sheet, . . . ) and origin (solar wind, ionosphere, . . . ), are still to be established in the context of dense plasma events at geosynchronous orbit. After the CDPS is formed in the midtail regions, its transport to the inner magnetosphere has potential effects on the strength of the ring current and associated geomagnetic activity (Jordanova et al., , 2003 Kozyra et al., 1998 ), which we also discuss. The solid line is the local time distribution of the initial dense plasma events, normalized to the total number of events. The dashed line is the local time distribution of all dense plasma measurements. For this latter distribution, the total number of dense plasma measurements in each local time bin is normalized to the total number of measurements (regardless of density) recorded in that local time area during the period 1990-2002.
Instrumentation and data processing
In this study we make use of ion and electron measurements from the MPA (Magnetospheric Plasma Analyzer) instruments on board the Los Alamos National Laboratory geosynchronous satellites. The MPA instruments are electrostatic analyzers. They measure the three-dimensional energy-per-charge distributions of both ions and electrons between ∼1 eV/q and ∼45 keV/q. We analyze density, temperature and velocity measurements which are available every 86 s and are calculated for the energy ranges 30-45 000 eV and 100-45 000 eV, respectively, for electrons and ions (assumed to be protons unless otherwise stated). The reader is referred to Bame et al. (1993) and McComas et al. (1993) for detailed description of the MPA instruments.
For the current study, data are taken from five different satellites in geosynchronous orbit covering the period between 1990 and 2002. An analysis of the whole data set was first performed to obtain the statistics of all dense plasma measurements observed during this period. The "zero epoch" times used for the superposed epoch analyses come from a resulting list of 1464 dense plasma events. The zero epochs were defined as the first time, during a given day, at which one of the operating spacecraft measured an ion density exceeding 2 cm −3 . A delay of 12 h was further enforced between two consecutive events. Magnetosheath and boundary layer encounters were removed by only accepting data points where the ion density is less than 10 cm −3 and the ion bulk speed is less than 100 km/s.
Results

Local time distribution of the dense plasma
The normalized density distribution of the dense plasma measurements arising from the analysis of the entire MPA data set, for all times on all spacecraft, is shown in Fig. 1a as a dashed line. The solid line in Fig. 1a shows the normalized distribution of the density observed at the zero epoch of the 1464 events of dense plasma, as defined in Sect. 2. These density distributions are compatible with the tail of the distribution of plasma sheet density at geosynchronous orbit previously reported by Borovsky et al. (1997) . The bulk of the distributions in Fig. 1a are between 2 and 3 cm −3 , with a much lower occurrence frequency above 3 cm −3 . Plasma sheet intervals with densities above 2 cm −3 were referred to as "superdense" events by Borovsky et al. (1997) , since the average plasma sheet density was found to be 0.7 cm −3 .
The difference between the two distributions in Fig. 1a may be explained as follows. If the front of the dense plasma events is gradual in terms of density, one can expect to see a larger proportion of events in the range 2-3 cm −3 first, i.e. at zero epoch (solid line). At latter times, the probability of observing higher densities increases, which is reflected by larger occurrence frequencies above 3 cm −3 for the (dashed) distribution of all dense measurements.
The solid line in Fig. 1b shows the normalized local time distribution (1-h bins) of the 1464 dense plasma measurements from the zero epoch times. This distribution shows a tendency for dense plasma events to occur first close to midnight (solid line). The occurrence probability is much less each side of midnight toward the dayside. This result is consistent with the dense plasma events arising from sudden access of the mid-tail plasma sheet to geosynchronous orbit. It also confirms that LLBL and magnetosheath crossings have been properly removed. The local time distribution of the full set of dense plasma measurements, normalized to the local time distribution of all geosynchronous observations (which is essentially flat and is not shown here), is over-plotted as a dashed line with the corresponding y-axis scale to the right. This distribution shows that densities above 2 cm −3 are rarely observed at geosynchronous orbit, with an overall occurrence nearly always lower than 2%. The dense plasma observations occur largely near midnight, compatible with the distribution of dense measurements from zero epoch (solid line). However, a large occurrence is also found in the morning sector around 06:00 LT (dashed line). This feature is much less prominent in the distribution of the initial dense plasma events, from zero epoch (solid line).
The difference between the two distributions ( Fig. 1b ) was studied by comparing their cumulative probability distributions (not shown), and quantified by means of the Kolmogorov-Smirnov test (Press et al., 1992) . The largest difference between the two cumulative distributions was found to be 18.98% (with a large significance), demonstrating that the two distributions are significantly different.
In conclusion, first measurements of dense plasma are statistically observed more often near midnight (Fig. 1b) . Dense plasma measurements are also made with large occurrences on the dawn side, but at apparently later times. This observation may, at first sight, be suggestive of a dawnward transport of the population seen close to midnight.
Location and evolution of the dense plasma events
For the superposed epoch analysis results shown in Fig. 2 , the MPA measurements from the 1464 events were binned and then averaged into 24 magnetic local time bins (x axis) and 96 ten-minute (epoch time) bins (y axis). The time interval shown for these plots spans from 4 h before zero epoch to 12 h after. Data from all operating spacecraft are used in these and subsequent superposed epoch plots. We also preformed the analysis using median values. The results show similar patterns and do not affect our main conclusions. To facilitate comparison of Figs. 2a and b, smoothed contours of the ion perpendicular temperature are over-plotted on the color-coded superposed epoch plot of the ion density ( Fig. 2a) , and vice versa for Fig. 2b . These plots show the appearance of dense plasma at geosynchronous orbit at zero epoch, predominantly close to midnight. This is consistent with the results from Sect. 3.1 and Fig. 1b . The densest plasma is observed for 1-2 h (epoch time) in the region 23:00-01:00 LT. However, the density in the midnight region remains fairly high (>1 cm −3 ) for ∼10-12 h after zero epoch. The overall distribution of the high density plasma is seen to be slightly skewed towards dawn, on average. This is consistent with the higher occurrence of dense measurements at dawn when all measurements are taken into account (see Fig. 1b) .
The dense population present near midnight at zero epoch is also found to be somewhat colder than normally observed in that region (∼5 keV compared to typical values of 7-8 keV at other epoch times near midnight). Unlike the density, the perpendicular ion temperature returns to pre-zero-epoch values after only about 1-2 h (epoch time). Figure 2d shows the superposed epoch results for the parallel ion temperature. This component does not decrease much at zero epoch near midnight. A slight decrease in parallel ion temperature is observed at dawn (05:00-10:00 MLT) near zero epoch. It may be noted that ion temperatures may be underestimated if the ion populations extend above the MPA energy range. The colder nature of the population observed at zero epoch near midnight, in comparison to the populations seen earlier and later in epoch time, does not suffer from this effect as the underestimation of the temperature should be less for colder populations. Figure 2c shows the superposed epoch results for the hot electron density, which shows a similar behavior to that of the ion density. Two main differences may be noticed. First, low electron densities are observed on the dusk side as a result of the preferential drift (both electric and magnetic) of electrons towards dawn. Secondly, the electron density appears higher than the ion density from midnight to dawn in the dense plasma events. This latter observation may stem from the fact that (1) part of the ion populations are not detected on the dawn side of geosynchronous orbit because of the preferential (magnetic) drift of high energy ions toward dusk, and (2) there may be other populations, such as heavier ions, co-existing with the (assumed) protons (see Sect. 3.3) . Figure 3a presents the superposed epoch plot for the ion pressure (P ions =N ions k B T ions ). The highest pressure is correlated with the cold, dense plasma observed near midnight. Although the temperatures there are lower, the high densities produce a large pressure. The pressure stays relatively high, but gradually decreases during the following 10 hours, as the density stays quite large and the temperature increases. The cold, dense plasma observed on the dawnside close to zero epoch (05:00-09:00 LT) does not lead to a significant pressure enhancement owing to particularly low temperatures. Figure 3b gives the result of the analysis for the inverse entropy derived from ion measurements as S=N
5/3
ions /P ions (where P ions =N ions k B T ions , and T ions is the perpendicular ion temperature). Such a quantity emphasizes the populations which are both cold and dense. It is seen that the population detected close to midnight, near zero epoch, is indeed unusually cold and dense. A striking feature is, however, the prominence of a cold and dense population observed nearly simultaneously on the dawnside. This dense plasma observed at dawn could be the result of the dawnward transport of that observed near midnight. However, the population near midnight would need to drift dawnward faster than corotation, as will be discussed in Sect. 4. It is worth to note that this population is correlated with a decrease in the parallel ion temperature (Fig. 2d ).
Isotropy of the dense plasma events
Figures 4a and b show the results of the superposed epoch analysis for the perpendicular-to-parallel temperature ratio, for the ions and electrons, respectively. These plots show that, before the zero epoch, both ions and electrons show a finite anisotropy (T ⊥ >T ), which increases from midnight to the dayside. At zero epoch (and onwards), however, both ions and electrons display a large decrease of the anisotropy in the midnight region. This property is correlated with the arrival of the dense plasma.
Unlike the plasma sheet boundary layers, which are characterized by anisotropic ion distributions, the mid-tail and distant (central) plasma sheet are generally made of isotropic ion populations (Eastman et al., 1984; 1985; Nakamura et al., 1992) . Ion populations observed at geosynchronous orbit may have different properties, resulting from plasma sheet processing through its inward transport (Korth et al., 1999; Thomsen et al., 2003; Denton et al., 2005) . The plasma perpendicular temperature rises as the magnetic field increases (adiabatic heating) inward, toward geosynchronous orbit, while the parallel temperature may not increase as much as a result of precipitation (parallel to the magnetic field) and charge exchange with exospheric neutrals. As a consequence, plasma temperature anisotropy increases as the plasma is transported around the Earth, toward the dayside (Denton et al., 2005) . This midnight-to-dayside feature is observed at all epoch times in the results of Figs. 4a and b.
In the event of fresh supply of plasma sheet material to geosynchronous orbit, ion and electron populations are unlikely to have experienced much precipitation or charge exchange and therefore are more isotropic (Denton et al., 2005) . The isotropic nature of the dense plasma observed at zero epoch close to midnight suggests that it is made of newly injected plasma, presumably from the mid-tail region. It is further noted that the ion anisotropy (Fig. 4a ) stays low for a long period after zero epoch. This long lasting property has a similar extent to that of the high density plasma mentioned in Sect. 3.2.
In the midnight region, from zero epoch onwards, the low anisotropy is seen to persist longer for ions than for electrons. This feature may be attributed to the characteristic precipitation time of the electrons being much shorter than that of the ions, owing to their large velocity and thus a short bounce period. This characteristic precipitation time may be compared to the characteristic transport time, which is independent of the species for electric field drift. Injected electrons thus become anisotropic faster than the corresponding ion population. The lower electron anisotropies near zero epoch at midnight may indicate an enhanced convection at that time.
The population observed at dawn near zero epoch, and characterized by a large inverse entropy (Fig. 3b) , also presents a large ion anisotropy (Fig. 4b) . This property suggests that this population is different from that observed near midnight.
Composition of the dense plasma events
Although MPA is an electrostatic analyzer (E/q), with no explicit mass discrimination capability, under certain circumstances MPA measurements may also be used to assess the composition of these populations (Denton et al., 2005) . Here we are interested in the potential contribution of O + ions to the measured densities. The technique described below requires the following conditions: 1. The ion and electron populations detected in the energy range of the MPA instrument (cf. Sect. 2) must be much denser than any lower energy population also present.
2. The high energy part of the distributions (>45 keV) make a negligible contribution to the density.
As discussed by Denton et al. (2005) , the routinely computed "ion density" used in this study is calculated under the assumption that all the measured ions are protons. If, in fact, there is a significant admixture of heavier ions, this approach underestimates the heavy ion contribution to the density by a factor of the square root of the heavy ion mass (in units of the proton mass). Our estimation of the non-proton content of the plasma sheet is thus based on the assumption that the difference between the measured electron and ion densities is due to the possible presence of O + ions (neglecting contributions from other ions). O + is known to form a major population, at times, in the mid-tail plasma sheet. Because the measured electron density is the sum of electrons from all ions, charge neutrality simply yields the following equality:
where N HE is the measured hot electron density, and N e − , N H + and N O + are, respectively, the true electron, proton and O + densities. With the contribution from the O + population to the total density scaled by (m H + /m O + ), the measured ion density with all ions assumed to be protons (N HP ) is:
The combination of the previous two equations allows the estimation of the true H + and O + densities, from the measured quantities, as:
The inferred O + and H + densities were calculated in this way for the dense plasma intervals and the ratio of O + to H + density distributions is shown in Fig. 4c in a similar format to the previous results. Because of the assumptions (1) and (2) on which this technique is based, its application to the observations is restricted in local time. First, typical plasma sheet electrons do not have access to the duskside of geosynchronous orbit (Korth et al., 1999 ) and therefore the estimations described above cannot be used there. On the dawnside of the orbit, ion and electron precipitation is effective and implies finite temperature anisotropies, as shown previously in this section. As a result, outflows of lower energy ionospheric populations may exist and the relations described above may not be used. On the other hand, in the midnight region, where the plasma is arguably freshly injected and isotropic, the calculated O + /H + density ratio can be used to estimate the relative composition of the ion populations. In the midnight region, Fig. 4c shows that the estimated O + /H + density ratio is below 1 before zero epoch. It goes down to a minimum when the cold and dense plasma is observed and reaches its highest values at least 2 h after zero-epoch and onward. The interval of lowest inferred O + /H + density ratio, at and after zero epoch, is basically the same as that of the reduced perpendicular ion temperature in Figs. 2a and b. It is much shorter than that of the isotropic, high density ion population (10-12 h in Figs. 2a and 4a ).
Superposed epoch analyses of K p and D st indices
Previous studies have shown that plasma sheet access to geosynchronous orbit exhibits specific correlations with the K p and D st indices (Korth et al., 1999; Thomsen et al., 2002; Denton et al., 2005) . The former index is a proxy for the convection electric field strength (Thomsen, 2004) while the latter gives an estimate of the ring current strength. It is thus natural to look for potential relationships between the access of dense plasma at geosynchronous orbit and those indices. Figure 5a shows the result of the superposed epoch analysis for the K p index. Here K p indices were binned into 10-min intervals to fit the resolution of the other results in this study. The K p index originally has a 3-h resolution, which results in an important smoothing of the profile. The error bars show the average absolute deviations from the mean for each epoch time bin. These represent the spread in the distributions. The actual statistical errors, for example, the average absolute deviation of the mean, would be √ N times smaller (with N =1464). Figure 5a shows that the observation of the cold, dense plasma is preceded by an enhancement of the K p index. The K p profile increases above K p =3, starting about 1 h before zero epoch. It returns to values below K p =3 about 6 h after zero epoch (dark grey coloring corresponds to K p ≥3). of the analysis. It only drops by ∼10 nT during the interval. Thus, no enhanced ring current is measured in correlation with the dense plasma observations.
Discussion
In Sect. 3.1, the difference observed between the distributions of initial and total dense plasma measurements (Fig. 1b) is suggestive of a later arrival of the dense population at dawn, as compared to that observed near midnight. This result at first seemed consistent with the transport of the cold and dense plasma from the midnight region to the dawnside of geosynchronous orbit. However, to a first approximation, any transport of plasma from midnight to dawn at geosynchronous orbit would predominantly originate from corotation. In Fig. 2a , plasma corotation can be approximated by the red dashed line. Figure 2a thus shows that the arrival of the cold, dense plasma seen at dawn near zero epoch (most clearly seen in the inverse entropy in Fig. 3b ) is well before the corotation could deliver it from a near-midnight entry. It is noted, moreover, that the minimum average temperature of ∼5 keV recorded near midnight makes the corresponding plasma unlikely to be dominated by corotation. This finding suggests two possible scenarios for the occurrence of dense plasma at dawn observed in Fig. 1b: (1) dense plasma access to geosynchronous orbit occurs all along the geosynchronous orbit in the midnight-to-dawn quadrant, with possible temporal delays due to transport time, or (2) there exists two different sources of cold and dense plasma, one in the midnight, mid-tail plasma sheet and one in the dawnside magnetosphere. We come back to this topic later in this section.
In Sect. 3.3, we argued that the isotropy of the dense plasma population in the midnight region is an indication that it has been freshly injected from the mid-tail region (Denton et al., 2005) . We showed that the cold, dense population is seen for about 1-2 h and that it has a low concentration of O + ions (Fig. 4c) . The fact that this midnight population (1) is colder and denser than the typical plasma sheet, (2) is freshly injected from the mid-tail region, and (3) has a relatively low O + concentration suggest that it has a solar wind origin, with as-yet little contribution from its coupling to the ionosphere, and that it may originate from, and thus may be called, the cold, dense plasma sheet (CDPS) (Lennartsson and Shelley, 1986; Terasawa et al., 1997; Fujimoto et al., 1998; Phan et al., 2000; Thomsen et al., 2003) . Figure 6a shows a scatter plot of the temperature and density measurements obtained within the intervals 23:00-01:00 LT and 00:00-00:30 in epoch time, which corresponds to the main occurrence of CDPS. The white squares represent the temperature and density ranges comprising 10% and 50% of these measurements, centered on the median values, for each parameter. The red and green squares are equivalents coming from the measurements in the same local time range but, respectively, for the epoch time intervals −03:00-−02:30 and 06:00-06:30. Figure 6a shows that although very cold (<5 keV) and dense measurements do occur near zero epoch, the core of the distribution corresponds to relatively high temperatures (>5 keV) and densities. It is overlapping with the measurements at the two other epoch time intervals (red and green squares). The median values (basically the centers of the squares) clearly show lower densities and higher temperatures for the other intervals (red and green) in epoch time, both before and after, when compared to the CDPS region (white). As seen in Fig. 3a , the interval 06:00-06:30 epoch time (green) shows a larger plasma pressure than the interval −03:00-−02:30 epoch time (red). The temperatures for all intervals are higher than typically observed in the more distant tail (e.g. Øieroset et al., 2005) , presumably owing to adiabatic heating during the inward transport to geosynchronous orbit.
The necessity for an enhanced convection, in order to observe the CDPS at geosynchronous orbit, was suggested by Thomsen et al. (2003) . Although the change in K p is not dramatic, this trend is confirmed by the superposed epoch analysis of the K p index in Fig. 5a . The short duration of the low temperature anisotropy interval observed for the electrons, as compared to that of the ions (see Sect. 3.3), is also compatible with an enhanced convection at zero epoch. The CDPS thus seems to have access to the inner magnetosphere, through geosynchronous orbit, when enhanced convection allows its inward transport. The high plasma pressure observed for the CDPS at zero epoch (Fig. 3a) comes from the enhanced density, even in the presence of reduced temperature. In other words, the enhanced pressure at zero epoch does not come from the simple compression of a hot and tenuous population but must reflect the arrival of a different population altogether, one that is colder and denser than those observed at other times.
The plasma sheet is a source population for the ring current Kozyra et al., 1998) . However, Fig. 5b shows that, in general, CDPS episodes do not result in storm conditions, even though they bring enhanced plasma pressure inside the geosynchronous orbit. This is presumably because the intervals of CDPS are not typically followed by sustained high levels of convection that can deliver the highdensity material deep into the magnetosphere (Fig. 5a ).
In the midnight region, the cold, dense plasma sheet (CDPS) is observed for approximately 1-2 h after zero epoch. After this time the temperature resumes pre-zero epoch values, although the density remains elevated. From the 3-D MPA measurements one can estimate the flow speed of the newly arriving CDPS. Although it is a difficult measurement to make because of the high thermal speed of the plasma, the flow calculations typically show flow speeds in the neighborhood of 20 km/s, and essentially never exceeding 50 km/s. For a duration of 1 hour and an inward speed of 50 km/s, one may estimate the extent of the CDPS from the mid-tail region which has passed through geosynchronous orbit to be ∼28 R E , i.e. a portion of the tail plasma sheet. If the plasma sheet is transported to geosynchronous orbit by the onset of convection through reconnection in the mid-tail, it is interesting to note that the mid-tail reconnection process would result in the (tailward) expulsion of the CDPS located tailward of the reconnection line. Thus, only a limited portion of the tail CDPS can be transported to the inner magnetosphere.
It thus seems that the dense population observed between about +2 and +10 h after zero epoch in Figs. 2a and b may not actually be the CDPS. This later-arriving population has densities above the typical plasma sheet density (∼0.7 cm −3 , cf. Borovsky et al., 1997) but has more typical plasma sheet temperature (cf. Fig. 2b ). This population also has relatively high O + densities, which suggests a longer period of coupling with the ionosphere.
We thus suggest that the entry mechanisms of the two populations, the CDPS near zero epoch and that extending up to +10 h in epoch time (hotter and still dense), may, in fact, be different. The entry mechanisms for the CDPS may relate to northward IMF conditions and may come from, for example, Kelvin-Helmoltz instability at the flank magnetopause or direct capture of magnetosheath plasma by double high-latitude dayside reconnection (see Introduction). After the first 1-2 h (epoch time), the pre-existing CDPS has passed geosynchronous orbit. The still-dense but hotter population observed thereafter may originate from other solar wind plasma entry mechanisms. These, by contrast, may be related to subsequent southward IMF and/or large solar wind density McComas et al., 2002) . Future studies will focus on the effect of solar wind parameters on geosynchronous observations, with particular emphasis on the IMF orientation and solar wind density.
The cold and dense population observed near zero epoch at dawn (Fig. 3b) shows an increase in ion anisotropy (Fig. 4a) . This property may be viewed as a clue for it coming from a distinct source population. One explanation would be that this population is the low-latitude boundary layer (LLBL). It must be noted, however, that we have presumably removed magnetosheath and LLBL passes by use of density and velocity thresholds in our analysis. There would further be no obvious reason to observe the LLBL only at dawn. Figures 2b and d show that the larger anisotropy seen in this region (Fig. 4a) stems from a decrease in parallel ion temperature rather than from an increase in perpendicular temperature. This feature, together with the measured enhanced density, may have two explanations: (1) the precipitation (and charge exchange) of parallel-flowing plasma sheet ions into the ionosphere, and (2) the presence of cold, field-aligned ions of ionospheric origin. In this latter context, the finding by André and Yau (1997) , that more auroral ion heating events (presumably associated with ion upflows) occur at dawn than at dusk, is consistent with the absence of such a clear feature at dusk in our observations (Fig. 2a) .
To investigate the possible ionospheric origin of this dense population, we have analyzed the full pitch angle distribution available from a subset of 121 events observed by Los Alamos spacecraft 1991-080. Figure 6b shows the average energy flux measured by MPA in the parallel (black) (average of parallel and anti-parallel directions, for 20 • pitch angle bins) and perpendicular (red) directions, for the energy range 105-1220 eV, as a function of local time in the morning sector. To increase the statistics, we used all measurements from the interval 00:00-06:00 in epoch time. This interval is that of large inverse entropy in Fig. 3b . The mean absolute deviations are shown for each curve as error bars. Although large error bars are observed as a result of the limited statistics, it is seen that the average energy flux in the parallel (black line) direction is larger than that in the perpendicular (red line) direction. This shows the presence of mainly field-aligned ion populations at low energies. Such populations are most likely of ionospheric origin. Furthermore, the average energy flux increases with local time toward dawn, in both the parallel and perpendicular directions, by a factor ∼2. This finding indicates that cold, field-aligned ionospheric populations become significant toward dawn. Figure 7 shows an overview plot of the ion observations from one of the subset events from spacecraft 1991-080. An omni-directional ion energy flux spectrogram, three pitch angle spectrograms for different energy ranges, the parallel and perpendicular temperatures, their ratio, and the density are shown from top to bottom (see caption for details). The arrival of the dense plasma (>2 cm −3 ) is seen at ∼10:30 UT (∼23:30 LT). From the pitch angle spectrograms for three different energy ranges, we note that the high energy population (panel b) is relatively isotropic while the low energy population is mostly field-aligned (panel d). The medium energy range (panel c) is a combination of both. At low energies, panel (d) shows the same feature as the statistical results of Fig. 6b : more field-aligned ionospheric ions are observed toward dawn. This population is predominantly seen in region 1, as indicated in panel (g). Its presence does not lead to any significant anisotropy (panel f). The addition of a cold, field-aligned (bidirectional) population to the original plasma sheet plasma may indeed not lead to an anisotropy such that T ⊥ >T . On the other hand, panel (b) shows that the high-energy ion population, which is of plasma sheet origin, becomes mainly perpendicular to the magnetic field at dawn in region 2 (indicated in panel g). This feature is at the origin of the decrease in parallel temperature (note the lack of ionospheric material at this time) and is likely caused by field-aligned precipitation of plasma sheet ions into the ionosphere and charge exchange processes. Ion and electron precipitation in this region may induce ionospheric outflows which further help to increase the density. Future work will focus on these phenomena in more detail.
Conclusion
We have reported on the occurrence and properties of the cold, dense plasma sheet (CDPS) at geosynchronous orbit. We have performed a superposed epoch analysis based on 1464 events of dense (>2 cm −3 at onset) plasma observed by the MPA instruments on board the Los Alamos spacecraft between 1990 and 2002. We have investigated the characteristics and temporal evolution of various plasma parameters as a function of local time. The results show that dense plasma access to geosynchronous orbit occurs first, and predominantly, near midnight. The dense plasma population observed in the midnight region is freshly injected, colder than the typical plasma sheet observed there, and has a relatively small inferred O + component. These findings lead us to conclude that the dense plasma population detected near midnight is the result of cold, dense plasma sheet (CDPS) injection from the mid-tail region. The short duration (1-2 h) of the CDPS corresponds to the passage of a substantial fraction of the pre-existing plasma sheet, followed by continued dense but hotter plasma, which we suggest is possibly representative of a different plasma sheet filling mechanism.
A cold and dense ion population is also observed on the dawnside of geosynchronous orbit. We demonstrated that this latter population is not the result of the dawnward transport of that observed near midnight. Rather, our analysis suggests that this population is made of a combination of plasma sheet and ionospheric material. It may result from coupling to the ionosphere induced by particle precipitation and charge exchange during times of enhanced convection and density.
The observation of enhanced K p index prior to the arrival of the CDPS at geosynchronous orbit shows that its inward transport is probably allowed by an enhanced convection in the mid-tail, compatible with the suggestion of . This dense plasma, however, does not typically result in a stronger ring current (D st ). This is consistent with the fact that the averaged K p index (and hence the convection) typically remains modest, or even decreases after the arrival of the CDPS. The use of a unique criterion on the ion density in the present study probably has led to the admixture of different types of dense plasma events (e.g. storm and non-storm times). Future studies will focus on subsets of events defined using different criteria and on the ordering of geosynchronous observations as a function of solar wind conditions.
